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Abstract 


Study of the thermomechanically treated Fe-28 at% A1 material samples were 
done by Transmission Electron Microscope. Characterization of the phases by TEM 
shows that ordered DO3 is formed in all the samples. The DO3 ordering is more 
prominent in case of samples rolled at 1000 °C than in the samples rolled at 800 °C and 
500 °C. Effect of rolling on ordering is significant but the reason of ordering in this 
study is attributed to enhanced diffusion process, which occurred due to very low 
values of vacancy formation energy in this material. 
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Chapter- 1 


Introduction 


Body centered cubic based compounds with B2 and DO3 structures have drawn 
considerable attention as candidates of high temperature structural materials. In this 
category iron aluminides are well known for their excellent resistance to high 
temperature sulfidizing and oxidizing environments. Among the various known iron 
aluminides Fe 3 Al compound has further importance because of their high specific 
strength, low density, electric and magnetic properties [1]. The widespread use of this 
material, however, has been restricted because of rapid drop of strength above -500 °C 
and poor ductility at room temperature [2,3]. 

It has been suggested that, the rapid drop of strength above 500 °C is mainly 
affected by two factors, the transition of ordered DO3 phase to B2 phase[4] and 
change in the order parameter of the DO3 phase[5]. The DO3-B2 phase transition and 
the change of DO3 ordering are influenced by the activation of superdislocations and 
the antiphase boundary(APB) energy. 

The major reason for the low ductility of iron aluminides is the humidity 
induced hydrogen embrittlement. This was first identified by Liu et al[6] and 
substantiated by subsequent workers [7]. It is thought that aluminium atoms, which are 
freshly exposed during a tensile test, are oxidized by water vapor contained in the 
surrounding air. The oxidation is accompanied by a release of atomic hydrogen, which 
in turn causes hydrogen embrittlement. 

After the pioneer work of Guttman [8], it is known that the order-disorder 
transition in the Fe 3 Al intermetallic compound is higher order phase transition. Since 
then many works have been done to understand the phase transition in the miscibility 
gap and as well as at other region of Fe-Al system. In most of the past experiments for 
studying phase transformation, equilibrium condition is followed with little or no 
consideration of kinetics. 



The present study aims to understand ordering mechanism in Fe3Al 
intermetallic compound due to deformation and considerably fast cooling rate, what is 
air cooling in the present study. To study the phase transition, transmission electron 
microscopic observation was done on heavily deformed, air cooled samples, which 
were available as thin strips. The micro-mechanism of phase transition is put forward 
with the help of present observation, in agreement with the earlier research works. 



Chapter-2 


Literature Review 

2. 1: FesAi In Iron Aluminides System 

The FeaAl intermetallic compound has three different stable crystal structure in 
the solid state and these can be observed at three different temperature ranges. In the 
Fe-Al equilibrium diagram [figure-2.1], ordered DO3 structure can be found over a 
narrow compositional range, near FesAl stoichiometry. DO3 structure is stable up to 
552 °C and it undergoes a phase transformation to B2 structure. B2 is stable up to 
around 800 °C and transforms into a(disorder BCC) above that temperature. The a 
phase is stable up to melting point of the alloy [9]. 

In the Fe-Al system both the first order and higher order phase transitions exist, 
a, B2 and DO 3 are based on BCC crystal structure. As these phases are closely related 
in comparison to the crystal structure and lattice parameter, higher order phase 
transition is expected among them. In Fe-Al system disordered a(Im3m) is the most 
symmetric phase. The a-B2 phase transition is higher order phase transition. 
Therefore, symmetry is lost on the change to FeAl (Pm3m) [10]. The symmetry which 
is lost is ^a<l 1 1> translation, which is nothing but the long range order parameter of 
B2 structure. 

The B2-DO3 equilibrium transition is also higher order phase transition. Both 
the a-B2 and B2-DO3 higher order phase transition takes place by continuous 
ordering[10]. The B2-D0 3 transition accompanies a loss in symmetry element of the 
parent crystal such as ^a<100>. 

The a-B2 phase transition is fast and difficult to suppress by fast cooling. In 
case of quenching from high temperature (a phase field) a-B2 continuous ordering 
takes place leading to inhomogeneously dispersed small regions of B2(~200 A 







diameter) in the parent matrix. In comparison to a-B2 transformation B2-D0 3 phase 
transformation is sluggish and can be suppressed by fast quenching [10,1 1]. 

2.2: Atomistic Studies ofB2 And D0 3 Structures 

The unit cell and two types of antiphase vectors, given by Marcinkowski and 
Brown are illustrated in figure-2.2. Both the B2 and D0 3 superlattices are based on 
BCC crystal structures. In FeAl(B2) iron atoms occupy TIP sites and A1 atom 
occupies both TP and ‘P positions. Whereas in DO 3 structure iron atoms occupy ‘IIP 
positions and A1 atoms occupy either TP or T positions [12]. 

As it can be seen in figure-2.2(a), in case of DO3, lattice translation vector 
along <1 1 1> is 2a<l 1 1>. So in case of DO3 two types of APB's can be formed. One is 
by displacement of ^a<l 1 1> and another one is by displacement of a<l 1 1>. But 
crystal structurewise <00 1> is equivalent to the <1 1 1> as the sites remain unchanged 
in DO 3 structure[13]. 

From the figure-2.2(b) it is clear that only one type of Antiphase 
boundary(APB) can exist in B2 structure. This APB in B2 FeAl is characterized by a 
displacement of bsa<l 1 1>, which can take place on its possible slip planes of {100} and 
{112}. Atomistically calculated y- surface for the (110) plane in B2 structure indicates 
that only APB's are involved in dissociation of superlattice dislocations. This same 
principle is applicable to DO3 structure also. 

On the basis of crystal symmetry and restoring force calculation it is found 
that[14] bsa<lll> APB's in B2 structure and ^a<lll> and a<100> in D0 3 structure 
are always stable. So, considering elastic energy of dislocation dissociation, the 
dislocation parallel to <11 1> in the above two structure can be dissociated in the 
following two ways[ 15,16]. 

i] In the B2 structure 


a<l 1 1> = *sa<l 1 l>x2 


2.1 



o*« 

O-AI 



4 k/ 

a / 


C\ -^Site I 
Q -»Site II 
Q -»Site III 

Figure-2.2: Unit cell and antiphase vectors associated with the superlattice 

structures of Fe-Al system[12]. 







ii] In the DO3 structure 


a , <lll> = ^a<lll>x4 ... 2.2 

2.3: Mechanical Properties 
2.3.1: Slip System 

The favorable slip directions in B2 superstructure are either <11 1> or <001>. 
A transition of slip direction from <11 1> to <001> appears above 0.4 T m in ordered 
FeAl[17]. This phenomenon can be interpreted by the difference in critical resolved 
shear stress, which is function of temperature. According to Mendiratta et al[17], the 
temperature at which this change in slip direction occurs, increases with increasing of 
the off-stoichiometric Fe. 

In DO3 ordered FesAl most preferred slip direction is <11 1>. In the <11 1> 
direction both the {110} and {112} type slip planes can be activated. The choice of the 
slip plane is temperature dependent[18]. Below about 500 °C {110} type slip planes 
are preferred, whereas, above 500 °C { 1 12}<1 1 1> slip systems are preferable. At high 
temperature, noncrystallographic slip systems are also observed to take part in 
deformation process in this material[19] [figure-2.3]. 

2.3.2: Deformation Behavior 

The high yield stress in the Fe-Al system is attributed to the number of factors, 
namely composition, temperature and alloying elements. Micromechanismwise, these 
factors determine crystal structure, slip system and dislocation movement in the alloy. 
Above 26 at% A1 stacking fault energy of the <1 1 1> type fault vector increases rapidly 
enhancing the deformation process to be controlled by superlattice dislocation. 
Mendiratta et al[22] has shown the type of dislocation, that takes part in deformation, 
depends on stoichiometry of the system. A pictorial description of the dislocations, 
involved in the deformation process in B2 and D 0 3 structure, are shown in the figure- 
2.4. There (a)and (b) are perfect superlattice dislocations in DO3 and (f) is the perfect 
superlattice dislocation in B2 ordered structure. The ambient temperature deformation 
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Figure-2.3: 


Temperature dependence of yield strength and operative slip planes for Fe- 
24.8 at% Al[19]. 
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Figure-2.4: Schematic illustration of possible perfect dislocations (a,b,f) and 

imperfect variants of superdislocations with APB trails (c,d,e) in D0 3 
superlattice (a~e) and B2 superlattice[29]. 




of the alloy containing A1 below 25 % is by ordinary dislocation of type (e) and (g). As 
the Al in the alloy is increased, the two component (b) or (f) type superlattice 
dislocations carry out the deformation process. 

Degree of ordering in Fe 3 Al alloy has strong influence on the flow stress. A 
peak is observed in flow stress and in hardness at an intermediate ordering [figure-2.5]. 
To explain the peak in the flow stress, Sumino[41] proposed a theory based on 
dislocation behavior in the crystal. It says that, the stress field of an edge dislocation 
can induce the alignment of an short range order. In this case, long range order can 
restrict the development of stress-oriented short range order, so that a maximum in the 
dislocation locking force is to be anticipated at the critical temperature of ordering 
(T c ). Stoloff and Davies[4] reported that, the mechanism suggested by Sumino is not 
applicable to Fe 3 Al as no discontinuity in the flow stress is observed at T c in this 
homogeneously ordered superlattice structure(D0 3 ). As mentioned in the section-2.2 
of this thesis and can be seen in the figure-2.4, perfect superdislocation consists of unit 
dislocations connected by a strip of APB. Energy of the APB, which is proportional to 
the ordering energy Eor, depends on the degree of long range order(LRO), S, through 
the relation, 

Eox=S 2 E£' > - 2.3 


Where, the LRO parameter, S is defined as, 


F(A,a) — F(tf) 


~F(B,b) ~ F(b) 

l-F(A) 


l-F(B) 


Here, F(A,a) is the fraction of ‘A’ atoms on the ‘A’ sublattice and F(A) is the atom 
fraction in the A-B binary alloy system. 

When S is low (say S=0.1), the ordinary dislocations which are constituent of 
superdislocation, can move independently. The APB trails left behind by the movement 
of ordinary dislocation are having wrong bonds and therefore responsible for hardening 
at low value of ‘S’. When superdislocation glides in the perfectly ordered crystal it 
leaves no APB trails. So, a drop in flow stress is to be expected when large proportion 
of superdislocations are able to glide in pairs. Therefore, Stoloflf and Davies[4] 
suggested a peak in the flow stress in an intermediate degree of ordering. With the help 







of isotropic elasticity theory the calculated spacing, r[see figure-2.4], of a 
superdislocation can be given as , 


r = 


aUlGb 1 

InkTS 2 

c 


sin 2 0 


cos 2 6 

+ 

1-0 


2.5 


Where, ao = the lattice parameter of B2; 

G = shear modulus; 
k = Boltzmann constant; 

T c = critical temperature for ordering; 
v = Poisson ratio; 

0 = 90° for screw dislocation and 0° for edge dislocation. 

Graphical representation of the equation-2.5 is shown in the figure-2.6. The 
DOj type of order is decided by the next nearest neighbor interaction, while the nearest 
neighbor interaction decides B2 ordering, which does not change in disordering the 
DO3 lattice. Thus on decreasing the DO3 type of order, the superdislocations may be 
expected to split into two other superdislocations, connected by nearest neighbor 
antiphase boundary(NNAPB). Therefore, the main effect of changing the DO3 order is 
to change the spacing between dislocation 2 and 3 [figure-2.4], which are connected by 
the next nearest neighbor antiphase boundary (NNNAPB). 


If a particular slip mode is considered, the flow stress is found to be strong 
function of composition in case of FeAl (B2) alloys. Effect of composition on yield 
stress and hardness of various intermetallic compounds are given in the figure-2.7[20]. 
Strength of FeAl decreases gradually with increase in iron content, away from 
stoichiometry [21]. At higher temperature (>0.6 T m ) deformation is mainly controlled 
by the diffusion. So the strength of FeAl (Ordered) decreases rapidly. Therefore 
strength can be improved by suppressing diffusion. 

A rapid drop in yield strength due to increase in A1 content is very prominent in 
this system as shown in figure-2.8[23]. The higher strength at 24 at% A1 is believed to 
be due to age hardening effect caused by a precipitates in the DO3 matrix. In the 
composition range of 28-30 at% A1 only D0 3 structure exist, showing no such age 
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Yield stress and hardness as a function of composition for AgMg, AuZn, 
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Figure-2.8: Temperature dependence of yield stress at different composition of iron 

aluminides[23]. 




hardening effect and therefore uniformity in the yield strength over a temperature range 
is observed. 

Apart from thermomechanical treatment alone, the synergistic effect of various 
alloying elements and thermomechanical treatment is the present trend to improve the 
properties of Fe-Al based alloys. Cr addition [24] in the iron aluminides system is 
beneficial in the ductility point of view. It gives the adequate ductility at room 
temperature as well as considerable amount of strength at high temperature. This type 
of improvement in strength is attributed to improvement of cleavage strength such that 
fracture strength for transgranular fracture becomes comparable to that for 
intergranular fracture. 

Similar to Ni 3 Al system, B doping in the iron aluminides improves the room 
temperature ductility. The figure-2.9[25] indicates considerable amount of increase in 
ductility in both Ni-Al and Fe-Al system. It is believed that easy transmission of 
dislocation through grain boundary caused by B doping helps to avoid brittleness of 
the grain boundary [26]. The excess amount of B in these system segregates to the 
grain boundaries and strengthen it so that it can withstand stresses caused by planar 
array of dislocations. 

2.3.3: Creep 

Two opposite processes may happen during high temperature deformation of 
Fe 3 Al and Fe 3 Al based alloys. The first is strain induced disordering and the second is a 
opposing recovery process. This recovery process is observed during creep and this 
causes an increase in the degree of order[31]. The strain induced disordering process is 
evident from the dislocation configuration, obtained from the specimen, deformed at 
different strains at room temperature[31]. Figure-2. 10(a) shows the four-fold super- 
dislocations for the undeformed specimen which has D0 3 structure. Figure-2. 10(b) 
proves the occurrence of two-fold superdislocations for the specimens deformed to a 
strain of 1.5%. As the deformation strain increases to 3.3% [figure-2. 10(c)] uncoupled 
dislocation appears. In the same specimen observation of slip bands and APB images 
indicate that the dislocation degeneration may increase the possibility of cross slip. The 
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Figure-2.9: Stress-strain curves 


of FeAl and NiAI at room temperature[25] 
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Figure-2. 10: TEM morphologies of dislocations in FejAl alloy at various strain, (a) 
undeformed: (b) 1.5% strain; (c) 3.3% strain[31]. 



Figure-2. 1 1 : NNNAPB are formed by imperfect dislocations moving in Fe 3 Al[32]. 



APB image [figure-2.11] obtained from the samples deformed at high temperature, 
using the {111} the superlattice spot for Fe 3 Al binary alloy is straight. This indicates 
the absence of strain in the lattice, so that main four-fold superdislocation of DO3 are 
present. The splitting of four-fold superdislocation into two-fold is also observed by 
many other workers[4,32] and discussed in section-2.3.2 of this thesis. 

The creep strength of intermetallic compound depends on the crystal 
orientation. In FeAl, creep is controlled by the viscous glide motion of the dislocations. 
At high temperature tangled ordinary <00 1> dislocation (without subgrain formation) 
are found. As these types of dislocations are activated at high temperature the high 
APB energy (169 mJ/m 2 ) does not directly play an important role. This suggests that 
dislocation climb controls the creep in FeAl [27]. Therefore alloying addition is done 
to control dislocation motion at higher temperature. According to Mckamey[28], creep 
properties of Fe 3 Al can be improved by adding Mo and B. Such addition improves 
rupture life to 57.4 hr. from 1.6 hr., in case of Fe 3 Al, when tested at 593 C with a 
stress level of 207 MPa. 

2.4: Recrystaluzation And Order-Disorder Transformation in FesAI 

The photographs in the figure-2.12 show the details of the subgrain boundary 
structure of Fe-28 at% Al-5% Cr alloy annealed at 700 °C for 1 hr after rolling, 
followed by 15 hr at 500 °C to establish a high degree of B2 and D0 3 order [32]. 
Figure-2. 12(a) shows array of dislocations which can be rendered invisible by imaging 
using 400 type diffraction vectors (corresponding to D0 3 unit cell) and which are all 
visible when using 220g vector for imaging. The Burgers vector of the dislocations 
present are thus identified as[100] and [010]. Analysis of the line directions of the 
dislocations shows that they have near screw orientation. The details are clearly 
revealed in the figure 2. 12(b) and (c) where the fine structure of dislocation interaction 
can be revealed. The dislocation arrangement in the recovery state, observed under 
TEM is first explained by Hirth and is similar to the study of Morris et al[32]. Figure- 
2.12(b) shows that a local relaxation of boundary dislocation has occurred after 
reaction with an oblique lattice dislocation and the pictorial representation can be given 
in the figure-2. 13(a)[33]. Hirth pointed out that, before relaxation it is the situation 
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Figure-2. 13(a): 


Figure-2. 13(b): 



Schematic representation of local relaxation of dislocation in 
subgrain boundary. Firm lines before and dotted lines after 
relaxation[33]. 



a-M[l 1_1]_ 
b:**[l 1 1] 


K100] 


Schematic diagram showing dislocations in subgrain boundary 
of figure-2. 12(b,c), near A, identifying Burgers vectors[32]. 


where a H[ll 1] dislocation in molybdenum is entering a H[l I I] tilt wall and is 
represented by the firm line. Extension of this idea to the result of figure-2. 12(b) can 
be seen in the figure-2. 13(b). In this case the walls are composed of dislocations of 
Burgers vector [100] connected by dislocations in a diamond lattice arrangement of 
Burgers vector ^[111] and H[ 1 IT]. The magnitude of the Burgers vector is 
established in the following way. At first, the APB fault is distinguished in the figure- 
2.12(c) using a 200 g vector and hence the fault contained by the dislocations is a fault 
typical of the B2 ordering, produced by a H<lll> shear displacement. The 
microstructures of the figure-2.12 are confirmed to be produced during the high 
temperature recrystallization at 700 °C, with essentially no influence of the B2 ordering 
treatment[32]. 

When the materials containing this subgrain boundaries and their characteristic 
mixed Burgers vector dislocations are deformed, it is clear that mobile dislocations of 
type <111>, that characterize room temperature deformation have difficulty in 
traversing the subgrain boundaries and do so with the accumulation of jogs. The 
consequence of this is that, the stress required is high and also, since the subgrain 
boundaries are not destroyed, deformation remain uniform and homogeneous. 

Thermodynamically, feasibility of a to DO 3 was first considered by Allen and 
Cahn [10], which supported the result of Oki et al[5,10]. Oki et al[5] found that DO 3 
domains nucleated in both the a and B2 matrices in the size range of 150 to 250 A 
after annealing at 450 °C. The equilibrium thermodynamics predicts a weak variation in 
between the rate of growth of DO 3 LRO and B2 LRO. Fultz[34] found that the growth 
of B2 LRO and D0 3 LRO differs to a great extent because of different temperature 
sensitivity of growth rate of those two ordered phases. Therefore, Fultz concluded that 
the observed behavior must have a kinetic origin, since equilibrium thermodynamics 
predicts the opposite trend. 

Over a wide composition range (23-55 at% Al), high concentration of non- 
equilibrium defects, vacancies and anti-site defects can be hosted in the Fe-Al binary 
alloy system, without decreasing consistently the degree of long range order. One of 



the reasons of this be relies in the particularly low energies of vacancy formation, Ef. 
The net activation energy, E A , can be divided into two parts. i.e. 


Ea-Ef + Em ... 2.6 

Where, Em = vacancy migration energy. 

In the DO3 phase and B2 phase of Fe-Al alloys, low values of E A were 
measured [figure-2.14] and that would be mainly due to very low value of E F [35], 
Thus in Fe-Al system, increase of the activation energy of the ordering process is not 
observed. This effect is probably due to the role played by the vibrational properties in 
enhancing the atomic mobility. 

2.5: Application of Iron Aluminides 

Iron Aluminides compete with 300 and 400 series stainless steels and some 
nickel based alloys. Specific advantages includes: (1) Excellent sulfidation resistance, 
(2) oxidation resistance, (3) lower density, (4) good wear resistance, (5) cavitation- 
erosion resistance and potentially lower cost. Based on these advantages, several 
applications have been identified for the Fe 3 Al based alloys which include the 
following: 

1. Sintered Porous Gas Metal Filters: In this application, the filters are used to 
remove particulate matter from the gas produced in the coal gassification process 
and the other processes where the gas contains the higher sulfur content. 
Advantage is taken of the superior sulfidation resistance of iron aluminide alloys as 
opposed to any other currently available material. The filters are prepared by 
sintering powders to a desired level of porosity 

2. Heating Elements: This application uses the iron aluminide alloy wire for heating 
elements in toasters, ovens and dryers. Advantage is taken of the high resistivity, 
which remain constant up to 1000 °C, and the excellent oxidation resistance. The 
fabrication of wire has been hampered by limited ductility at room temperature. 
However, the hot-rolled bar is currently feasible as furnace heating elements. 

3. Furnace Fixtures: This application takes advantage of the excellent oxidation 
resistance of iron-aluminide alloys for components such as retorts, rollers, beams. 






etc. The furnace fixtures axe expected to be manufactured by various casting 
processes. 

4. Catalytic Converter Substrate: This application takes advantage of the excellent 
oxidation resistance of iron aluminides. The 0.050 mm thick foil for this application 
is prepared primarily by warm rolling followed by cold rolling in the last few 
passes. 

5. Regenerator Disks: In this application, iron aluminides is used as a heat exchanger 
in a gas turbine engine. Advantage is taken of the excellent oxidation and 
sulfidation resistance. The foil requirements for this application are similar to those 
for the catalytic converter substrates. 

6. Component For Molten Salt Applications: Iron aluminide alloys have excellent 
compatibility with oxidizing and carbonate salts. Processes dealing with molten 
salts have the potential of using iron aluminides for their containment, transfer or 
even rotating components. The components for this application will be 
manufactured by a combination of the casting process, hot working ingots and 
welding. 

7. Shielding: This application uses iron aluminide as a shielding to prevent the 
excessive oxidation of tubes in power plants and incinerators. The shields are 
typically 3 to 4 mm thick and are shaped like tubes. These shields are typically 
manufactured by bending the warm rolled sheet of the desired thickness. 



Chapter-3 


Experimental Procedure 

As mentioned in the chapter- 1, aim of this work is to study the effect of heavy 
deformation and air cooling on the phase transformation. The starting rolled strips, on 
which transmission electron microscopic study is done, are obtained in the finished 
form. Therefore, procedure followed in TEM observation will be started after a brief 
history of the starting material. 

3 . 1 : Material 

The starting material is obtained in the cast form, from Defence Metallurgical 
Research Laboratory (DMRL) Hyderabad. The composition of the material is Fe-28 
at% Al. The alloy ingot supplied by the DMRL is thermomechanically treated by A. 
Agarwal[36] and S. Suwas[37] Cast ingot is annealed at 1000 °C for 4 hours to 

minimize segregation. 

In the present study, thermomechanical treatment to the alloy is guided by the 
equilibrium diagram. The above mentioned homogenized material is cut into 10 mm 
thick from the ingot, soaked in the furnace for 1 hour and rolled at the following three 

temperatures. 

1 . 500 T (ordered DO* phase) 

2. 800 °C (ordered B2 phase) 

3. 1000 °C (disordered a phase) 

All the blocks are rolled down to 1 .5 mm thick strip. Thus the materials obtained after 
such processing, are used for their micro structural examination in the present study. 

3.2: Thin Foil Preparation 

Preparation of thin foils from the rolled strip is done in two stages. Firstly, 
samples are subjected to primary thinning which is done manually and then secondary 
thinning is done by Electrojet polishing. 



The rolled strips are thin enough to go directly for primary thinning by emery 
paper. Starting thinning is done by grinding on the emery paper number 2. Surface 
smoothening is done by grinding on the emery paper number 4 and then on emery 
paper number 6. Thus the foils obtained from three different rolled strips are having the 
thickness in the range of 0.6 mm to 0.8 mm, with minimum macroscopic irregularities. 
These foils are punched by a hand punch into 3 mm diameter disks 

Electrojet polishing of 3 mm. diameter disks samples is done by a auto matic 
dual jet polisher, Menupol-2, supplied by Struers Company. The circuit diagram of the 
dual jet polisher is shown in the figure-3.1. The composition of the electrolyte is 1000 
ml ethanol(99.9% purity) and 15 ml perchloric acid (60.0% concentrated). 

Before the disks are subjected to jet thinning they are degreased by acetone. 
The low temperature of the electrolyte is maintained at -30 °C using liquid nitrogen. 
The voltage of the electrolyte cell is set at 20 volts and the corresponding cell current 
observed is -10 m amps. The perforation of the foils is detected automatically, after 
which the flow of the electrolyte is stopped. After completion of the thinning, samples 
are washed with methyl alcohol to remove electrolyte from its surface, dried up and 
kept inside a desiccator. 

3.3: Microstructural Analysis by The Transmission Electron 

Microscopy: 

The electron diffraction pattern obtained by transmitted electron beam depends 
largely on crystal size of the diffracting medium and limiting aperture used. Number of 
stages should be carefully performed to obtain a good diffraction pattern from a 

selected area of the specimen. These steps are as follows. 

• Object plane of the intermediate lens should coincide with the plane of aperture. 
This is done by controlling the intermediate lens current to focus the selector 

aperture on the screen. 

• Specimen image should be coplanar with the selector aperture. This is done by 

adjusting objective lens current. 





• The diffraction image from the back focal plane of the objective lens can be imaged 
by decreasing the intermediate lens current to ‘diffracting position’ A fine 
adjustment to the lens current to have a minimum spot size. 

• The parallel beam of electrons illuminate the specimen. This is done by controlling 
the condenser lens current. 

When viewed properly a single crystal can give rise to spot pattern in TEM. 
Each spot in the pattern is related to a certain plane in the crystal. Solving the pattern, 
identification of the selected area via crystal structure can be obtained. 

The spot pattern of unbroken sequence must satisfy the zone equation. If [uvw] 
denotes the direction of the zone axis, all points which lie on the diffraction pattern 
near center must satisfy the following zone equation. 

hu > kv t Iw " 0 ... 3 i 

where (hkl) denotes plane via spot on the pattern. 

Analysis of patterns was done by measuring 

• The distances of the spot from the central spot ‘O’ i.e. R u R 2 , R 3 , from which 
corresponding ‘d’ spacings of the planes are calculated (figure-3.2) [30]. 

• The angles such as <J>j, <t>?, <J>i, etc. between the reciprocal vectors and hence 
between the planes, giving rise to the diffraction spots which subtend these angles 
at ‘O' (figure-3.2). 

Interplaner spacing 'd* was calculated from the relationship 

d UJR ... 3.2 

Where. 

L Camera Length. 

I Wavelength of the electron beam used. 

Anticipating that certain phases are involved to give rise the pattern under 
consideration, it is possible, from the measured values of the d's and O's to predict. 
The phase can be confirmed by comparison of measured and standard d-spacing and 
the calculated and measured interpianar angles. Thus, when two planes say, (hikdi) 
and (hjkzh) are identified, the zone axis can be obtained from the following relation: 



u = kill — k 2 li 
v = lih 2 — l 2 hi 
w = hik 2 - h 2 kj 


3.3(a) 

3.3(b) 

3.3(c) 


The indexing of the other spots are done by vector addition formula i.e. 

R 3 = R 2 + Ri (3 4) 

If Ri stands for (hikdi), R 2 (h 2 k 2 l 2 ) and R 3 for (h 3 k 3 l 3 ) then following the above 
relation we can write, 

h 3 = h 2 + hi ... 3.5(a) 

k 3 = k 2 +k, ... 3.5(b) 

1 3 = 1 2 + h ... 3.5(c) 

The points near the central spot are chosen to form a parallelogram. The 
distances from the central spot (R-values) are measured and with the help of camera 
constant d-spacing are found. From the symmetry of the diffraction pattern and ratio of 
the distances of the two spots, zone axis and planes are anticipated. The spots, which 
are equidistant from the center and diametrically opposite are associated with the same 
set of crystal planes and are indexed hkl and h k I Indexing is checked by comparing 
the measured devalues and calculated O values. Once the d-values are found out the 
lattice parameter can be found out by the following relationship: 

1/d 2 = (ti + k 2 + l 2 )/a 2 ... 3.6 

a = dV(h 2 + k 2 + 1 2 ) ... 3.7 

The patterns are magnified While developing from the negatives. Therefore, 
actual distance ‘R’ in the reciprocal lattice is obtained after dividing the distance, 
measured from the photograph, by the positive to negative magnification (mentioned 
as ‘pos. to neg.’ in the tables of chapter-4) factor. For analysis, the diffraction patterns 
are copied on a plane paper by means of tracing paper. The angles, written by the side 
of the patterns compares the angles measured from the patterns with the theoretically 
calculated values. The possible zones and the phases, responsible for the corresponding 
reciprocal lattices are written thereby. 



In this study, few photographs are taken by Phillips Transmission Electron 
Microscope operated at 100 kV at Indira Gandhi Center for Atomic Research, 
Kalpakkam as well as at IIT, Madras and rest of the photographs were taken by JEOL, 
JEM-2000FX, operated at 160 kV. 



Chapier-4 


Results and Discussion 

In this chapter the micrographs and diffraction patterns of the rolled samples, 
obtained from TEM, are presented. The samples rolled at 1000 °C are abbreviated as 
RSI 000. Similarly, samples rolled at 800 °C and the samples rolled at 500 °C are 
denoted as RS800 and RS500 respectively. In this thesis photographs of figure-4.1 to 
4.26 are obtained from RSI 000, figure-4.27 to 4.35 are obtained from RS800 and 
figure-4.36 to 4.42 are obtained from RS500. 

The wavelength of the electron beam is function of the accelerating voltage of 
the electron gun. The table-4.1 gives wavelength of the electron beam at various 
accelerating voltages. Table 4.2 to 4.4 gives the x-ray diffraction data of powders of 
Fe-25 at% Al (DO;), a-iron and FeAl (B2) materials respectively. These data are used 
for analyzing the diffraction patterns in the present study. 

In this study, analysis of diffraction patterns is presented in the following way. 
The reciprocal lattice shown in the figure-4.3(a) is the schematic representation of the 
figure-4.3. The analysis of a particular pattern is given in the corresponding table T 
4.3(a). As for example, the distances of the points ‘A’, ‘B’ and ‘C’, measured from the 
figure-4. 3 (a) are 6.25 mm, 7.5 mm and 9.5 mm respectively. The distances of the 
corresponding spots on the negative, which was nothing but the true ‘R’ in the table- 
4.3(a), are 2.08 mm, 2.5 mm and 3.167 mm respectively. Knowing the camera length, 
L = 150 mm and wavelength of the electron beam, X = 0.0284 A (from table-4.1), 
camera constant found to be 4.26 mm-A. This camera constant is written at the 
beginning of the table-4.3(a). The ‘d’ spacing corresponding to each spot is obtained 
from the equation-3.2. So the calculated d-spacings of ‘A’ ‘B’ and ‘C’ are 2.048 A, 
1.704 A and 1.345 A respectively. Comparing these calculated values with the 
standard data from the “Powder Diffraction File”[38,39], planes corresponding to each 
spots are predicted. Therefore the spot ‘A’ indicates (02 2), spot ‘B’ indicates (311), 
and spot ‘C* indicates (33 I) planes of D0 3 . The indexed pattern is confirmed by 
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Figure-4.29: RS800 


Figure-4.30: RS800 
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Figure-4.33: RS800 


Figure-4.34: RS800 
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Table-4.2 

X-ray diffraction data of Fe?AJ (DO?) [39], 
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X-ray diffraction data of a(disordered b.c.c.) iron [39]. 



Table-4.4 

X-ray diffraction data of FeAJ(B2) [38], 
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Figure-4.9(a): RSI 000. 
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Table- 4. 17(b) 


{hik,l,} 
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Theoretical 4> 

311 

33 1 

40.0 

40.46 
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Table- 4. 19(b) 


X /VJUJUJU 

{ Ii i kill} 

r. A-'y^y 

lh 2 k 2 l 2 } 

Measured <t> 

Theoretical $ 

11 1 

200 

56.0 

54.74 

11 1 

Tl T 

70.5 

70.52 

200 

21 1 

35.0 

35.26 

200 

01 1 

89.0 

90.0 
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TABLE-4.29(b) 


{h,k,l,} 

{hikit} 

Measured <fr 

Theoretical <i> 

200 

220 

44.0 

45.0 
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0 20 

90.0 

90.0 
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Table- 4.3 1(b) 


{hikili} 

{h 2 k 2 I 2 } 

Measured <f> 

Theoretical 4* 

200 

220 

44.5 

45.0 

200 

0 20 

89.0 

90.0 


Figure-4.3 l(a):RS800. 







49 







Figure-4,42(a):RS500. 







Table- 4. 3(a) 


RSI 000; L=150 mm, 160 kV, LX=4.26 mm-A 


R(IN MM) 
FROM 

FIGURE 

NEG. 

POS. 

MAG. 

TO TRUE ‘R’(IN 
MM) 

‘d’ SPACING 
CALCULATE 

D 

(IN A) 

STANDARD 

(hkl) 

A 6.25 


2.08 

2.048 

2.04 

02 2 D0 3 

B 7.5 

3.0 

2.5 

1.704 

1.79 

311 D0 3 

C9.5 


3.167 

1.345 

1.33 

33 1D0 3 


TABLE-4. 5 (a) 

RSI 000; L= 230 mm, 100 kV, LA=8.51 mm-A 


R(in mm) 

FROM 

FIGURE 

NEG. 

POS. 

MAG. 

TO TRUE ‘R’(lN 
MM) 

‘d’ SPACING 

CALCULATE 

D 

(IN A) 

STANDARD 

{hkl} 

A 8.75 

3.0625 

2.857 

2.978 

2.89 

200 D0 3 
100 B2 

B 12.25 


4.00 

2.127 

2.04 

220 D0 3 
110 B2 


TABLE-4. 7(a) 

RSI 000; L=155 mm, 100 kV, LX=5.735 mm-A 


R(IN MM) 
FROM 

FIGURE 

NEG. 

POS. 

MAG. 

TO TRUE ‘R’(IN 
MM) 

‘d’ SPACING 

CALCULATE 

D 

(IN A) 

STANDARD 

{hkl} 

A 8.25 

3.0625 

2.69 

2.13 

2.048 

220 D0 3 
110 B2 

B 8.25 


2.69 

2.13 

2.048 

220 D0 3 
110 B2 


TABLE-4. 9(a) 

RSI 000; L=150 mm, 160 kV, IA=4.26 mm-A 


R(IN MM) 

NEG. 

TO TRUE ‘R’(IN 

‘d’ SPACING 

(IN A) 

{hkl} 

FROM 

FIGURE 

POS. 

MAG# 

MM) 

CALCULATE 

D 

STANDARD 


A 6.5 

3.0 

2.16 

1.972 

2.04 

220 D0 3 

B 10 


3.3 

1.28 

1.29 - 

420 D0 3 
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Table- 4. 12(a) 


RSI 000; L=150 mm, 160 kV, LA=4.26 mm-A 


R(IN MM) 
FROM 

FIGURE 

NEG. 

POS. 

MAG. 

TO TRUE ‘R’(IN 
MM) 

‘d’ SPACING 
CALCULATE 

D 

(IN A) 

STANDARD 

{hkl} 

A 6.5 

3.0 

2.16 

1.972 

2.04 

220 D0 3 
110B2 

B 11.5 


3.83 

1.12 

1.18 

422 D0 3 
211 B2 


Table- 4. 17(a) 

RSI 000; L=150 mm, 160 kV, IA=4.26 mm-A 


R(in mm) 

FROM 

FIGURE 

NEG. 

POS. 

MAG. 

TO TRUE ‘R’(IN 
MM) 

‘d’ SPACING 

CALCULATE 

D 

(IN A) 

STANDARD 

{hkl} 

A 4.26 


2.08 

2.048 

2.04 

02 2 D0 3 

B 9.5 


3.167 

1.345 

1.33 

33 1D0 3 

C7.5 

3.0 

2.5 

1.704 

1.79 

311 D0 3 

E 6.25 


2.08 

2.048 

2.04 

011 a 

E'. 6.25 


2.08 

2.048 

2.04 

011 a 


Table- 4. 19(a) 

RSI 000; L=150 mm, 160 kV, IA=4.26 mm-A 


R(IN MM) 
FROM 

FIGURE 

NEG. 

POS. 

MAG. 

TO TRUE ‘R’(IN 
MM) 

‘d’ SPACING 

CALCULATE 

D 

(IN A) 

STANDARD 

{hkl} 



1.33 

3.20 

3.34 

111 do 3 

B 4.6 


1.53 

2.78 

2.89 

200 D0 3 

A' 6.5 

3.0 

2.16 

1.972 

2.04 

110a 

B' 9.5 


3.16 

1.34 

1.44 

200 a 

C' 11.25 


3.75 

1.136 

1.182 

211 a 


Table- 4.2 1(a) 

RSI 000; L=150 mm, 160 kV, IA=4.26 mm-A 


R(in mm) 
FROM 

FIGURE 

NEG. 

POS. 

MAG. 

TO TRUE ‘R’(IN 
MM) 

‘d’ SPACING 
CALCULATE 

D 

(IN A) 

STANDARD 

{hkl} 

A 4.0 


1.33 

3.20 

3.34 

111D0 3 

B 4.6 

3.0 

1.53 

2.78 

2.89 

200 D0 3 

A' 11.5 


3.833 

1.11 

1.18 

211 B2 

B' 9.0 


3.0 

1.42 

1.43 

200 B2 


















TABLE-4.26(a) 

RSI 000; L=575 nun, 100 kV, LA=2 1.275 mm-A 


R(IN MM) 
FROM 

FIGURE 

NEG. 

POS. 

MAG. 

TO TRUE ‘R’(IN 
MM) 

‘d’ SPACING 

CALCULATE 

D 

(IN A) 

STANDARD 

{hkl} 

B 6.0 


6.0 

3.5 

3.34 

ii Ido 3 

A 7.5 

1 

7.5 

2.84 

2.89 

200 D0 3 

C 10.0 


10.0 

2.1 

2.04 

02 2 D0 3 


TABLE-4.29(a) 

RS800; L=575 nun, 100 kV, IA=2 1.275 nun-A 


R(in mm) 

FROM 

FIGURE 

NEG. 

POS. 

MAG. 

TO TRUE ‘R’(IN 
MM) 

‘d’ SPACING 

CALCULATE 

D 

(IN A) 

STANDARD 

{hkl} 

A 7.5 

i 

7.5 

2.84 

2.89 

200 D0 3 

B 10.0 


10.0 

2.1 

2.04 

02 2 D0 3 


Table- 4.3 1(a) 

RS800; L=150 nun, 160 kV, IA=4.26 nun-A 


R(in 

MM) 

NEG. 

TO 

TRUE ‘R’(IN ‘d’ SPACING 

(IN A) 

{hkl} 

FROM 


POS. 


MM) CALCULATE 

STANDARD 


FIGURE 


MAG. 


D 



A 4.25 


2.875 


1.478 2.88 

2.89 

200 D0 3 
100 B2 

B 6.0 




2.087 2.04 

2.04 

220 D0 3 
110B2 





TABLE-4.34(a) 



RS800; 

L=155 nun, 100 kV, IA=5.735 nun-A 



R(IN 

MM) 

NEG. 

TO 

TRUE ‘R’(IN ‘d’ SPACING 

(IN A) 

{hw} 

FROM 


POS. 


MM) CALCULATE 

STANDARD 


FIGURE 


MAG. 


D 



A 8.5 


3.06 


2.78 2.06 

2.04 

220 D0 3 
110B2 

B 6.0 




1.96 2.92 

2.89 

200 D0 3 
100 B2 














Table- 4.3 7(a) 


RS500; L=575 mm, 100 kV, IA=2 1.275 mm-A 


R(IN mm) 
FROM 

FIGURE 

NEG. 

POS. 

MAG. 

TO TRUE ‘R’(IN 
MM) 

‘d’ SPACING 

CALCULATE 

D 

(IN A) 

STANDARD 

{hkl} 

B 7.5 

1 

7.5 

2.84 

2.89 

200 D0 3 

A 10.0 


10.0 

2.1 

2.04 

02 2 D0 3 


Table- 4.3 8(a) 

RS500; L=150 mm, 160 kV, LA,=4.26 mm-A 


R(in mm) 

FROM 

FIGURE 

NEG. 

POS. 

MAG. 

TO TRUE ‘R’(IN 
MM) 

‘d’ SPACING 

CALCULATE 

D 

(IN A) 

STANDARD 

{hkl} 

A 6.0 

2.85 

2.105 

2.028 

2.04 

220 D0 3 
110B2 


TABLE-4.40(a) 

RS500; L=150 mm, 160 kV, IA=4.26 mm-A 


R(in mm) 

FROM 

FIGURE 

NEG. 

POS. 

MAG. 

TO TRUE ‘R’(IN 
MM) 

‘d’ SPACING 
CALCULATE 

D 

(IN A) 

STANDARD 

{hkl} 

A 6.0 

2.85 

2.105 

2.028 

2.04 

220 D0 3 
110B2 


TABLE-4.42(a) 

RS500; L=150 mm, 160 kV, LX=4.26 mm-A 


R(IN mm) 
FROM 

FIGURE 

NEG. 

POS. 

MAG. 

TO TRUE ‘R’(IN 
MM) 

‘d’ SPACING 

CALCULATE 

D 

(IN A) 

STANDARD 

{hkl} 

A 4.5 

2.85 

1.57 

2.71 

2.89 . 

200 D0 3 
100 B2 

B 6.0 


2.105 

2.028 

2.04 

220 D0 3 
110B2 














comparing the angles subtended at the center by the spots ‘A’, ‘B’ and ‘C’ with the 
theoretical values of their angles [see table-4. 3(b), given with the figure 4.3(a)]. All 
other diffraction patterns are analyzed and presented in the same manner. 

As discussed in chapter-3, after indexing the pattern and cross checking them 
by measuring the angles subtended at the center by the spots, zone axis is obtained in 
the following way. If ( 111) and (200) is considered then with the help of the relations 
mentioned in the equations-3.3 following things can be written, 
u = kil 2 - k 2 li = 0 
v = hh 2 - l 2 hi = 2 
w = hik 2 - h 2 ki = 2 

which can be reduced to [0 I 1] and is same as [01 1]. 

Spot patterns belonging to [001], [111] and [113] types of zones, obtained 
from B2 and D 0 3 are similar. However, the intensity of a particular spot would vary 
from B2 to D 0 3 . As for example, the figure-4.5 could be identified as a pattern 
resulting from either B2 or DO3, having [001] zone axis. The nearest spot ‘A’ could be 
identified as (100) of B2 or (200) of DO3. Therefore, the pattern of figure-4.5 are 
indexed, after DO3 in the figure-4.5(a) and after B2 in the figure-4. 5(b). The x-ray data 
of table-4.4 gives the intensity corresponding to (100) of B2 to be 8% of the maximum 
intensity (corresponding to (110) spot). For the same d- value, the x-ray data of table- 
4.2 predicts the intensity of the (200) spot to be 50% of the maximum intensity 
(corresponding to (220) spot of DO3). It can be assumed that increase in at% of A1 in 
B2 increase the (100) spot intensity resulting from B2, as (100) spot can not be 
expected from a-phase (table-4.3). The material under examination contains 28 at% 
Al, which predicts even more weaker intensity from {100} type of spots in comparison 
to the (100) spot intensity mentioned in the table-4.4. The patterns of [001], [111] and 
[113] zones, obtained in this study are having significant spot intensities and therefore 
predicted as the case where an ordering intermediate to B2 and DO3 has occurred. 
This phenomena is similar to the observation of Oki et al[40]. In all the above cases, 
spots are denoted after the planes of DO3 phase but the planes of B 2 phase, 
corresponding to each spot can be obtained after dividing the {hkl} of DO3 by a factor 



of 2 and therefore mentioned in the corresponding tables. As for example, instead of 
{220} of DO3, {110} of B2 or instead of {422} of D 0 3 , {211} of B2 can be read. 
Therefore, the figure-4.6 is indexed twice, as in figure-4.5(a) and figure-4.5(b) where 
figure-4. 5(a) is indexed after DO3 and figure-4.5(b) is indexed after B2. 

Samples rolled at 1000 °C to 80% deformation showed considerable degree of 
D0 3 ordering. Figure-4.1 shows the arrangement of superdislocations in the APB, 
which can be compared with Chen et al[31] Morris et al[32] (figure-2.11). In the 
present study figure 4.4, 4.6, 4.8, 4.1 1, 4.13, 4.15, 4.16, 4.23, 4.24 show either perfect 
or imperfect variants of superdislocations. Existence of strain enables the ordinary 
dislocations to exist in the lattice, as pointed out by Chen et al[31] and can be observed 
in figure-2. 10(a), (b) and (c). In this study figure-4.2, 4.10, 4.20 and 4.25 show regions 
where little or no recovery has taken place and can be compared with figure-2. 10(c). 
When analyzed, figure 4.3 and 4.17 indicate the existence of DO 3 in the samples rolled 
at 1000 a C. These patterns are resulted from the regions where two different phases 
are existing. The predominant pattern is caused by the D0 3 superstructure with a zone 
axis off 233]. The spots like E and E', [see figure-4. 3(a)] which are (111) type and 
which are about to form a ring near center, indicates the existence of fine B2 domains. 
B2 {111} reflection being weak in nature, they appear in the pattern as feint spots. 
Here an orientation relationship between B2 and D0 3 can be established, i.e. 

[ 233] D0 3 II [ 111] B2 

Figure-4.4 shows morphology of moving dislocations. The negative of the 
photograph has observed a magnification of ^ th of what is written in that figure. But 
while developing the photographs it was magnified by 3 times. So this photograph is 
actually showing features at 75,000 x magnification. Near the tip of the dark band 
dislocations are roughly separated by a distance of 7.5 mm. This indicates that in the 
rolled strip they are separated by a distance of around 1000 A. If this is compared with 
the figure-2.6, a 0.3 to 0.45 degree of ordering can be expected. 

The streaks, connecting the spots in the pattern of figure-4.5 is the indication of 
strained lattice, where recovery has taken place to a less extent. In this figure very 



bright, doubly diffracted spots are observed. They indicate suitably oriented, 
coexistence of two phases in that selected area. The diffraction pattern (figure-4.7) 
obtained from the APB fault shows spots, which have arisen from the doubly twinned 
structure. Thus it confirms that area is an APB. This can again be confirmed with 
figures of 2.12. The dislocation arrangement in the recovery state is well explained by 
J. P. Hirth[33]. Magnified view of dislocation arrangement can be seen in the figure- 
2.1 3(a). Here local relaxation of boundary dislocation has occurred after reaction with 
an oblique lattice dislocation. Solid lines before and dashed lines after relaxation. Hirth 
pointed out that, before relaxation it is the situation where a ^[111] dislocation in 
molybdenum is entering a H[\ 1 1] tilt wall and represented by the firm line. This 
situation is very similar to that of Fe-28 at% Al, as mentioned by D. G. Morris, where 
the prior deformation substructure has recovered to a well defined subgrain structure 
without achieving recrystallization. He pointed out that the APB was composed of 
h<100> type dislocations and resulted by the reaction between the dissociated H<\ 1 1> 
dislocations produced during deformation. Such subgrain walls are strong barriers to 
further deformation, since the ^<100> are not having suitable slip planes to move at 
room temperature. At the same time this subgrain walls do not constitute interfeces 
where fracture can easily nucleate. Therefore this type of structure leads to high 
hardness without the loss of ductility. 

The selected area diffraction (SAD) pattern (figure-4.9) obtained from the 
region of figure-4.8, which is obtained from RSI 000, indicates D0 3 ordered structure 
having [ 122] zone axis and can be compared with figure-2. 12(a). Micrograph of D0 3 
superlattice dislocation is shown in the figure-4.1 1 and SAD pattern from that region is 
shown in the figure-4.12. The dislocation in the figure-4.11 is having a spacing of 
about 1300 A, when compared with the result of Stoloff et. al.[4] (figure-2.6), it 
indicates an ordering of approximately S=0.4. Figure-4.13 to 4.16 shows the subgrain 
boundary formation, similar to that of figure-4.6 and 4.8, at various regions. Figure- 
4.17 is similar to that of figure 4.3 but here the multiple spots of {1 10} types are more 
prominent. The spots which are about to form a ring near the center, is caused by the 
small domains of a, from that region. The prominent reciprocal lattice is resulted from 
D0 3 ordered structure having a [ 233] zone axis. 



The spots in the figure-4.19, obtained from the region of figure-4.2, are 
resulted from the single phase region but the pattern can be separately indexed as if 
they are resulted either from DO3 or B2 having [Oil] zone axis. As (200) of B2 is 
similar to (400) of DO3 higher intensities are resulted in those regions. Therefore, it 
can be conceived that, an intermediate stage of ordering between DO3 and B2 can exist 
and has occurred in the present case. The pattern from that region is given in the 
figure-4.20. Similar is the case of figure-4.21, where the zone of the separate spot 
patterns is not exactly the same. The closely placed spots are indication of DO3 phase 
in the RSI 000. 

Figure-4.23 shows some foreign particles which have become needle shaped 
because of rolling. Next figure[figure-4.24] depicts one such particle at high 
magnification. The dislocations around the particles are also observed, which can lead 
to high hardness in the material. No cracks were found at the interface. Because of 
thickness and small size, no diffraction pattern was obtained from such particle. 

Figure-4.27 is obtained from the RS800. The heavily dislocated region 
indicates that no recovery has occurred in that area, whereas in figure-4.28 superlattice 
dislocations are observed having low dislocation density. In most of the cases, as it is 
evident from the figures-4.27, 4.30, 4.32 and 4.33 recovery of the strained structure is 
poor. Appearance of relatively intense spots at {100} B2/{200} DO3 positions indicate 
an ordering intermediate to B2 and D0 3 . Because of high degree of deformation and 
poor recovery, the ordinary dislocations, those caused deformation at high temperature 
exist at room temperature. Therefore, no perfect superlattice dislocation can be seen in 
RS800 and RS500. The SAD patterns of figure-4.29, 4.31 and 4.34 and SAD patterns 
of figure-4.37, 4.38, 4.40 and 4.42 of RS500 can either be indexed after D0 3 or B2. 
Patterns of figure-4.29, 4.31, 4.34, 4.37 and 4.42 are resulted from <00 1> types of 
zones whereas, figure-4.38 and 4.40 are resulted from <11 1> types of zone. As 
mentioned earlier, in this type of zones both B2 and DO3 result same type of spot 
patterns. In both the RS500 and RS800, a spot pattern, spread over a large area are 
observed. If spots are of nearly equal intensity in such situation they indicate presence 



very large. Diffraction from higher indices planes of B2 are very weak. Therefore, tney 
are unlikely to be detected in the patterns obtained from the low A1 content[Fe-28 at% 
Al] B2 structure. As all the patterns from RS800 and RS500 are having large number 
of spots, resulted from higher indices planes, they indicate formation of DO 3 in those 
samples. 

Following the reports of Fultz[34] and Vennegues and Cadeville[35], as given 
in the section-2.4, it is obvious that, large amount of non-equilibrium vacancies are 
formed en route to heavy deformation and fast cooling, forced the structure to be 
guided mainly by kinetics. It. is already mentioned that in the DO3 phase and B2 phase 
of Fe-Al alloys, low values of E A are measured (figure-2.14) and that would be mainly 
due to very low values of Ep (vacancy formation energy)[35]. When thin rolled strips 
are air cooled, it observed a fast cooling. Therefore, the samples, rolled at 1000 °C are 
having a lot of vacancies at room temperature. It is also known that the order-disorder 
transformation in this alloy system is diffusion controlled second order transformation. 
Therefore, at low temperature where DO3 is thermodynamically stable, it is formed by 
diffusion mechanism, assisted by the vacancies. The formation and availability of 
vacancies are greatly influenced by the temperature as it is an exponential function of 
temperature. So, the ordering achieved in the RSI 000 is more prominent than those of 
RS800 and RS500. Thus, in the present study heavy deformation and fast cooling 
forced the structure to be guided by kinetics mainly and has resulted a certain degree 
of DO3 ordering. 



Chapter-5 


Conclusion 

Effect of thermomechanical treatment has a great influence in the ordering 
process of Iron-Aluminides and is established with the help of TEM. The lattice 
parameters of a, B2 and DO 3 are closely related and are based on the same crystal 
structure. The superlattice reflection from the ordered phase, obtained in the selected 
area diffraction pattern makes the characterization of the phases easy. 

At certain zones, similar type of spot patterns can arise from both the B2 and 
DO 3 ordered structure. It is found out that intensity of the spots from the higher 
indices planes are almost absent in case of B2. The spot patterns, having significant 
intensity indicates presence of D0 3 in this structure. From the measured dislocation 
spacing it is concluded that degree of ordering achieved is in the range of 0.3 to 0.45. 
There is supposed to exist an orientation relationship between the parent and product 
phase and this is predicted from the doubly diffracted spot intensities. 

The ordering is more prominent in samples rolled at 1000 °C rather than the 
samples rolled at 800 °C and 500 °C. The reason of this phenomena is attributed to the 
low values of vacancy formation and is supported by the report from the other research 
workers. 
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